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Abstract
Background/Aims: Uterine contractility is controlled by electrical signals generated by 
myometrial smooth muscle cells.  Because aberrant electrical signaling may cause inefficient 
uterine contractions and poor reproductive outcomes, there is great interest in defining the 
ion channels that regulate uterine excitability.  In human myometrium, the Na+ leak channel, 
non-selective (NALCN) contributes to a gadolinium-sensitive, Na+-dependent leak current. 
The aim of this study was to determine the role of NALCN in regulating uterine excitability and 
examine its involvement in parturition. Methods: Wildtype C57BL/6J mice underwent timed-
mating and NALCN uterine expression was measured at several time points across pregnancy 
including pregnancy days 7, 10, 14, 18 and 19.  Sharp electrode current clamp was used to 
measure uterine excitability at these same time points. To determine NALCN’s contribution 
to myometrial excitability and pregnancy outcomes, we created smooth-muscle-specific 
NALCN knockout mice by crossing NALCNfx/fx mice with myosin heavy chain Cre (MHCCre-eGFP) 
mice. Parturition outcomes were assessed by observation via surveillance video recording 
cre control, flox control, smNALCN+/-, and smNALCN-/- mice.  Myometrial excitability was 
compared between pregnancy day 19 flox controls and smNALCN-/- mice. Results: We found 
that in the mouse uterus, NALCN protein levels were high early in pregnancy, decreased in 
mid and late pregnancy, and then increased in labor and postpartum. Sharp electrode current 
clamp recordings of mouse longitudinal myometrial samples from pregnancy days 7, 10, 14, 
18, and 19 revealed day-dependent increases in burst duration and interval and decreases 
in spike density.  NALCN smooth muscle knockout mice had reduced myometrial excitability 
exemplified by shortened action potential bursts, and an increased rate of abnormal labor, 
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including prolonged and dysfunctional labor. Conclusions: Together, our findings demonstrate 
that the Na+ conducting channel NALCN contributes to the myometrial action potential 
waveform and is important for successful labor outcomes.
IntroductionUterine contractility is tightly regulated during pregnancy to ensure an appropriate length gestation (37–40 weeks in humans) and successful parturition.  Throughout pregnancy, the uterus remains quiescent, producing only asynchronous, regional contractions that permit development of the growing fetus.  At term, the uterus rapidly transitions to a state of activation, in which contractions increase in force, frequency, and synchrony to enable effective expulsion of the fetus.  Excessive contractility (tachysystole) endangers both mother 
and fetus by increasing the risks for uterine rupture and fetal hypoxia due to insufficient 
placental perfusion [1, 2].  Conversely, insufficient contractility can lead to failure to progress through labor (labor dystocia), a principal indication for caesarean section [3, 4], which increases the risks of severe maternal morbidity and future placental abnormalities [5-7]. In the US, 32% of deliveries are by caesarean section, [8] a rate far in excess of the 10–15% rate recommended by the World Health Organization. To reduce the caesarean section rate, 
we must fully define the molecular and cellular mechanisms underlying normal labor, and 
specifically those that regulate contraction force and frequency.Uterine contractions arise in response to the electrical activity of myometrial smooth muscle cells.  Rhythmic depolarization and repolarization of the uterine myocyte membrane potential manifests as bursts of high-frequency electrical spikes.  This electrical activity is closely coupled to contractile activity so that the amplitude, frequency, and duration of contractions correlate with the number of cells that are simultaneously active, their electrical burst frequency, and the duration of the bursts [9-12].  A key ion in the initiation of excitatory activity is calcium (Ca2+). Upon spontaneous or agonist-mediated depolarization of the plasma membrane, activation of voltage-gated Ca2+ channels leads to influx of Ca2+, which activates the contractile machinery.  Bursts are terminated by activation of voltage-gated and Ca2+-activated potassium (K+) channels, which repolarize the plasma membrane and lead to muscle relaxation [13-15].In addition to Ca2+ and K+, sodium (Na+) has long been considered an important ion in regulating myometrial excitability [16-19]. For example, the regenerative bursting properties of estrogen-treated, non-pregnant rat myometrium [17, 18] and of pregnant rabbit myometrium both rely on the presence of Na+ [20].  Additionally, rat myometrial myocytes contain a Na+-dependent leak current [21].  However, a role for Na+ currents in the myometrium has been questioned because no work has clearly established the presence and identity of spontaneous currents that are sensitive to the Na+-channel blocker tetrodotoxin [22-24].To address the role for a Na+ channel in human myometrial myocytes, we previously examined expression and activity of the sodium-activated leak channel non-selective (NALCN), a tetrodotoxin-insensitive member of the 4x6 transmembrane domain family of voltage-gated Ca2+ and Na+ channels. Because NALCN lacks several charged residues in the putative voltage-sensing domain, this channel is voltage-insensitive and constitutively active [25]. The Na+ leak activity of NALCN is essential for depolarizing the membrane potential, 
promoting spontaneous firing, and sustaining rhythmic burst activity in other spontaneously active cells [25-28]. We reported that NALCN is expressed in human myometrial myocytes and contributes to the leak current in myocytes from pregnant women [29]. Given these 
findings, we hypothesized that the Na+ leak activity of NALCN increases myometrial excitability, and that this increase is essential for achieving successful parturition.  Here, we tested this idea in a mouse model, and we report that NALCN expression in the myometrium is regulated throughout pregnancy and that this channel contributes to uterine excitability and functional labor.
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Materials and Methods
MiceAll animal procedures were carried out in accordance with the guidelines of care and use of animals set forth by the National Institutes of Health and were approved by the Animal Studies Committee at Washington University in St. Louis. Mice were kept on a 12 h light:dark cycle, with the light cycle from 6 am to 6 pm, and were fed standard Purina LabDiet PicoLab® Rodent Diet 20 chow. Wild-type C57BL/6J mice were obtained from Jackson Laboratory and bred in-house.  NALCNfx/fx mice were a kind gift from Dr. Dejian Ren at the University of Pennsylvania.  These mice, bred on a C57BL/6J background, contain loxP 
sites flanking the fourth and fifth exons of NALCN. Excision results in an early termination codon before the 
fourth transmembrane domain of the first homologous repeat [27].  Female NALCNfx/fx mice were crossed with male mice expressing myosin heavy chain 11 promoter-driven Cre-eGFP (smMHCCre-eGFP) [30].  The male 
NALCNfx/WT smMHCCre-eGFP/WT F1 offspring were crossed to NALCNfx/fx females to produce NALCNfx/fx smMHCCre-
eGFP/WT (smNALCN-/-), NALCNfx/WT smMHCCre-eGFP/WT (smNALCN+/-), and NALCNfx/fx smMHCWT/WT (flox control) F2 females that were used for parturition phenotyping.  This breeding scheme was chosen because when carried by the female, Cre is expressed globally in oocytes and early smMHCCre-eGFP embryos, which could lead to global NALCN knockout. Cre is expressed during early spermatogenesis in smMHCCre-eGFP males, but 
its expression is lost before fertilization.  Because of the embryonic expression of Cre, the flox control and smNALCN-/- females were all globally heterozygous for NALCN.  Cre control mice (smMHCCre-eGFP/WT) used in parturition phenotyping were either F1 littermates or were the offspring of smMHCCre-eGFP males crossed with wild-type females.For the experiment shown in Fig. 2D, E, primigravida C57BL/6 pregnant mice (10 hour mating encounter) were obtained from Charles River Laboratories on a protocol approved by the University of Colorado Institutional Animal Care and Use Committee.   Gestation-age-matched mice on pregnancy day 
19.5 were sacrificed in pairs: one actively laboring mouse (after delivery of the first pup) and one mouse not 
in labor (no vaginal bleeding). Other mice were allowed to deliver and sacrificed 24 hours postpartum. Uteri were removed to ice-cold PBS, opened longitudinally, cleaned of mesentery, fetal tissue, and membranes, and gently scraped to remove the endometrium before snap-freezing in liquid nitrogen. Samples were stored at -80 ºC until lysate preparation.
RNA Isolation and cDNA Synthesis
Total RNA was extracted from flash-frozen whole mouse uterine or brain tissue by using the Aurum Total RNA Fatty and Fibrous Tissue Pack Kit (BioRad, Hercules, CA), and cDNA was created by using the iScript cDNA Synthesis Kit (BioRad), both according to manufacturer’s instructions.
Quantitative Real Time PCR (qRT-PCR)After dissection, mouse uterine tissue was immediately transferred into a vial of RNAlater® (Thermo 
Fisher Scientific, Waltham, MA) and stored at -20 °C.  RNA was extracted as detailed above, and quality 
was confirmed by gel electrophoresis analysis of 28S to 18S rRNA ratio, and 260/280 nm and 260/230 nm absorbance ratios above 1.8 and 2.0, respectively. qRT-PCR reactions (20 µl) contained 5 pmol of each forward and reverse primer (for all online suppl. material, see www.karger.com/doi/10.1159/000491805, Suppl. Table S1), cDNA produced from 50 ng of RNA, and iQ SYBR Green Supermix (BioRad). Gene targets 
were amplified and quantified by the CFX96 BioRad Real-Time PCR Detection System. Temperature cycles 
were as follows:  95°C for 3 min, 40 cycles of (95°C for 10s, 57°C for 30s), and a 0.5°C increment melt curve 
from 65°C to 95°C.  Primer efficiencies were ≥ 77% with mouse brain cDNA, and the calculated efficiency 
values were used in Pfaffl analysis of relative gene expression [31].  Target gene expression was normalized to the reference genes topoisomerase I (TOP1) and succinate dehydrogenase complex, subunit A (SDHA) and then averaged.  These genes were chosen because of their stable expression in the myometrium across pregnancy [32].
Membrane PreparationsFlash-frozen mouse uterine or brain tissue was minced over ice and transferred to ice-cold membrane prep solution (250 mM sucrose, 50 mM MOPS, 2 mM EDTA, 2 mM EGTA, 1 mM PMSF, pH 7.4) containing cOmplete Mini EDTA-free Protease Inhibitor Cocktail (Roche, Indianapolis, IN).  Tissue was homogenized 
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with the BioGen PRO200 homogenizer (ProScientific, Oxford CT) at 4 °C.  Lysate was centrifuged at 14, 000 ×g for 15 min, and supernatants were transferred to ice-cold ultracentrifuge tubes.  Samples were centrifuged at 100, 000 ×g for one hour.  Pellets were resuspended in 1% Triton lysis buffer (150 mM NaCl, 
10 mM Tris, 1% Triton X-100, pH 8.0) and rotated for two hours or overnight (no noticeable difference) at 4 
°C. Non-solubilized protein was removed via centrifugation at 9000 ×g for 20 min at 4 °C.
ImmunoblotProtein concentrations of whole cell lysates and membrane preparations were measured by using a bicinchoninic acid protein assay kit (Pierce, Rockford, IL, USA).  Protein samples were mixed with 
Laemmli sample buffer, heated to 65°C for 15 min, and stored at -20°C. Protein samples (40 µg each) were separated by 6% SDS-PAGE and transferred to a nitrocellulose membrane. After blocking in PBS containing 0.075% Tween-20 (PBST) and 5% milk, membranes were probed with the following primary antibodies: anti-NALCN N-20 (1:500; Santa Cruz Biotechnologies, Inc., Santa Cruz, CA, USA), anti-PDI (C81H6, Cell Signaling Technology, Danvers, MA), anti-GAPDH (1:1000; Millipore, Billerica, MA, USA), anti-transferrin receptor (1:1000; 84036 Abcam, Cambridge, UK), or anti-Na+/K+ ATPase α1 (1:500, sc-28800 Santa Cruz Biotechnologies, Inc.). Blots were then probed with HRP-conjugated secondary antibodies (1:4000; Jackson ImmunoResearch Laboratory Inc., West Grove, PA, USA) in PBST containing 3% milk.  Signal was 
detected with Clarity ECL Western chemiluminescence (BioRad) and exposed onto film or viewed through a ChemiDoc MP Imaging System (BioRad).  NALCN and Na+/K+-ATPase or PDI band pixel intensities were 
quantified using the gel analysis tool on ImageJ.  Briefly, a flat line was drawn across the base of the intensity 
peak for each band to subtract background, and the area under the curve was quantified.  NALCN values were normalized to the Na+/K+-ATPase or PDI values for each lane [33, 34]. Recently, it has been reported that Na+/K+-ATPase levels may change in the uterus across pregnancy, but the α1 subunit remains stable [35].
Histology
Protocol modified from BD Biosciences. Uterine tissue was isolated from six month-old smNALCN-/- 
and flox control non-pregnant mice and placed in a pre-labeled base mold filled with partially frozen optimal 
cutting temperature (OCT) medium over dry ice. The mold was then filled with OCT to cover the uterine 
tissue. The mold was then stored in -80°C freezer until ready for sectioning. 25μm sections were prepared 
on a cryostat, placed on cover glass and stored at -20°C until imaged. GFP was excited by 488 nm light and 
imaged on a Nikon Eclipse Ti-U Microscope with 2X/0.06 lens.
Current Clamp
Mice were sacrificed between 9:00 am and 11:00 am, their uteri were removed, and embryos were 
sacrificed.  The uterus was dissected to obtain 1 cm by 0.5 cm strips of longitudinal muscle from all uterine regions, excluding the mesometrial border, in cold Kreb’s buffer (133 mM NaCl, 4.7 mM KCl, 11.1 mM glucose, 1.2 mM MgSO4, 1.2 mM KH2PO4, 1.2 mM CaCl2, 10 mM TES free acid, pH to 7.4 with NaOH).  Muscle strips were maintained in ice-cold Kreb’s until experiments began (within six hours).  For recordings, strips were 
pinned into a recording chamber on a Nikon Eclipse FN1 and superfused with warm (32 °C) Kreb’s solution 
containing 5 μM wortmannin to inhibit contractions while maintaining spontaneous electrical activity. Sharp glass electrodes with tip resistances between 40 mW and 110 mW were filled with 2 M KCl and used to impale the tissue once contractions had arrested (usually within 15 minutes).  Membrane potential was 
recorded at a 1 kHz sampling rate by using an Axon Multiclamp 700B amplifier and Axon Digidata 1550. 
Data were recorded through the pCLAMP 10.4 software.  Burst duration (time between first and last spike), 
burst interval (time between last spike of the previous burst and first spike of the next burst), and spikes 
per burst were analyzed with a customized Matlab program on Matlab R2015b.  In this program, the ‘find 
peaks’ function was modified to identify voltage spikes without the need to adjust for changes in baseline or 
reduce noise.  Spikes were defined as those having a minimum prominence of 7 mV and a minimum width 
of 20 ms.  Clusters of spikes, or bursts, were defined as those having a minimum duration of 2000 ms and a minimum interval of 4000 ms. The number of intervals or bursts differed in each recording depending on whether a given recording started or ended with an interval or burst. Bursts and intervals were recorded until the electrode dislodged or became loose from the tissue.  Recordings ranged in duration from 9s (one burst) to 16 min.
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Parturition Phenotyping
Cre control, flox control, smNALCN+/-, and smNALCN-/- nulliparous female mice between the ages of seven weeks and six months were mated with WT C57BL/6J males ages eight weeks to eleven months, for two hours between 2:30 pm and 5:30 pm.  At the end of the two-hour period, females with a copulation plug 
were defined as pregnant on pregnancy day 0 (P0).  On P17 or P18, females were placed in individual cages in front of D-Link DCS-932L surveillance cameras (Taipei, Taiwan).  Cameras capturing one frame/second began recording at 7:00 pm on P18 and were stopped after delivery was completed or when the female was 
sacrificed. The timing of delivery of each pup was manually recorded from the videos.  Gestation length was 
defined as the length of time between detection of the copulation plug on P0 (about 5:30 pm) and delivery 
of the first pup.  Duration of labor was defined as the length of time between the delivery of the first and last pups, and average pup interval was calculated by dividing the total labor duration by one less than 
the total number of pups delivered.  Prolonged labor was defined as labor with one or more pup interval longer than 62 min (> 95th percentile).  Delayed labor was defined as delivery of the first pup occurring later than 495 hours (20.63 days) post-conception (> 95th percentile). Dysfunctional labor was defined as the incomplete delivery of a full litter by morning of day 22 (P21.75).  Dams experiencing dysfunctional labor 
were sacrificed by P21.75 because of discomfort.  Litter size included all live or dead pups or embryos at term or at P19; early pregnancy fetal demises (in utero clots) were not counted.  Pups were weighed within 24 hours of birth.
Staging Diestrus
Mice in the diestrus stage of the estrus cycle were identified as previously described [36]. Briefly, between 2:00 pm and 4:00 pm daily, DPBS vaginal lavages were performed and streaked onto glass slides. 
Slides were stained with Crystal Violet (Sigma-Aldrich, St. Louis, MO) and visualized on a Leica ICC50 upright microscope.  Lavages consisting primarily of leukocytes were considered to be from females in 
diestrus.  Females in diestrus were sacrificed between 3:30 and 5:00 pm, and their uteri were removed and 
flash frozen.
Statistical AnalysisData comparing more than one group with one dependent variable were analyzed using Kruskal-
Wallis one-way ANOVA, not assuming a normal distribution. Individual differences were further assessed by Dunn’s multiple comparisons test. The generalized linear model was conducted to estimate the daily changing trend with myometrial excitability parameters. In the generalized linear model, the Least Squares mean for the daily effect was constructed for the pairwise comparisons of electrophysiology parameters 
of WT mouse uterus across different stages. The generalized linear model was also performed for the flox control vs. smNALCN-/- sharp electrode analysis. Wilcoxon rank sum test was performed on the data obtained from the immunoblot analysis. Fisher’s exact test was conducted to test the abnormal labor proportions, and Chi square analysis was performed to compare Kaplan-Meier plots. GraphPad Prism 6 (San Diego, CA, USA) software and SAS (version 9.3, SAS institution Inc., Cary, NC, USA) were used for statistical calculations.
Results
Myometrial Excitability Throughout PregnancyTo assess the myometrial electrical bursting activity throughout mouse pregnancy, we performed sharp electrode current clamp experiments on mouse uterine longitudinal muscle from different stages of pregnancy.  Regenerative spontaneous bursting activity was 
measured in myometrial samples at five stages of pregnancy: pregnancy days 7, 10, 14, 18, and 19 (P7, P10, P14, P18, and P19).  We analyzed four parameters: burst interval, burst duration, spike number, and spike density, which correlate with the frequency, duration, and strength of uterine contraction. We used a generalized linear model to analyze the progressive daily effect of pregnancy on each of these parameters using day 7 as baseline 
(the first pregnancy time point tested) (Table 1).  This model accounts for the individual variance between mice. Burst interval (Fig. 1b), duration (Fig. 1c), and spikes per burst 
(Fig. 1d) showed significant increases throughout pregnancy, whereas the spike density 
significantly decreased (Fig. 1e) (Table 1).
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NALCN Expression in the 
Mouse UterusRecent studies have shown that NALCN contributes to sustained depolarization and spike trains in interstitial cells of Cajal and hermaphrodite-
specific neurons in C. elegans [28, 37].  Our laboratory also demonstrated that NALCN contributes to the leak current in human myometrium [29].  To determine whether Nalcn mRNA is expressed in the mouse uterus, we initially isolated uterine tissue from different stages of pregnancy and performed quantitative real-time PCR.  We found a trend in the effect of gestational timing on 
Nalcn mRNA levels (P = 0.08) with expression levels being higher in NP and at P10 than at P14, P18, and P19 (Fig. 2a).  Western blot analysis showed that uterine cell membranes from early pregnant (P7 and P10) mice contained 
significantly more NALCN protein than did those from P14, P18, and P19 mice (Fig. 2b and c).  Western blot analysis of uterine tissue from a separate group of mice showed that uteri from laboring mice had higher levels of NALCN than did gestation-age-matched non-laboring mice, although this 
was not significant.  However, 
NALCN levels were significantly elevated in postpartum day 1 mice (Fig. 2d and e). Together, these 
findings indicate that NALCN levels in the uterus decrease in mid-pregnancy and then increase at labor and remain high in the early postpartum period.
NALCN Smooth Muscle 
Knockout MiceQualitatively, we observed an inverse correlation between burst interval and the levels of NALCN protein at time points throughout pregnancy; when burst intervals (Fig. 1b) were short, NALCN levels were high 
(Fig. 2c), and vice versa.  To better define NALCN’s role in modulating burst activity and 
its effects on pregnancy outcomes, we created a smooth-muscle-specific NALCN knockout mouse.  We crossed the myosin heavy chain-11 promoter-driven Cre-IRES-eGFP mouse (smMHCCre-eGFP) with a NALCNfx/fx mouse to create smNALCN-/- mice (Fig. 3a) [27, 30]. We 
Table 1. Mixed model analysis of pregnancy day effect in electrophysiology parameters. s, seconds 
Parameter Value P-value Interval (s)     Baseline  27.98 ± 5.52 s       Daily change 1.97 ± 0.36 s < 0.0001  Duration (s)     Baseline   9.63 ± 1.90 s        Daily change 0.99 ± 0.12 s < 0.0001  Spikes/Burst     Baseline   19.85 ± 2.33         Daily change 0.53 ± 0.15  0.001  Spike Density (spikes/s)     Baseline   2.04 ± 0.11 spikes/s        Daily change -0.063 ± 0.007 spikes/s < 0.0001 
Fig. 1. Myometrial excitability throughout pregnancy.  a) Representative myometrial membrane potential traces from P7, P18, and P19 mice.  b–e) Average burst interval (b), burst duration (c), spikes per burst (d), and spike density (e) from the indicated pregnancy time points. Data points represent the respective values from each burst or interval recorded, the lines represent the median and interquartile range.  Burst interval P7 n = 51 (6 mice), P10 n = 19 (3 mice), P14 n = 35 (7 mice), P18 n = 66 (7 mice), P19 n = 70 (6 mice). Burst duration, spikes/burst, and spike density P7 n = 58 (6 mice), P10 n = 24 (3 mice), P14 n = 59 (7 mice), P18 n = 75 (7 mice), P19 n = 82 (6 mice).
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selected a smooth-muscle-specific Cre [38] to avoid any contribution of brain or gonadal NALCN expression. Additionally, Nalcn mutations have not been linked with other smooth muscle pathologies, namely vascular or severe gastrointestinal phenotypes, and thus we did not anticipate any non-reproductive effects in smNALCN-/- mice. To 
confirm this, we measured carotid artery compliance, aorta compliance, and blood pressure; all were similar 
between flox control and smNALCN-/- males (see online suppl. material, Suppl. Fig. S1).
To assess efficiency of NALCN knockout in the smNALCN-/- mouse uteri, we performed Western blot analysis of NALCN in whole uterine membrane preparations from non-pregnant mice in the diestrus stage. Many uteri had reduced NALCN protein (Fig. 3b). However, the average levels of both NALCN protein (Fig. 3c) were similar between knockouts and controls.  We considered two possible 
explanations for this finding. First, NALCN may be expressed in the tissues besides the smooth muscle, including the endometrium, decidua and the stroma.  Indeed, NALCN protein was present in the endometrium and stroma in the human protein atlas (http://www.proteinatlas.org/). Also, immunoblot analysis of decidual 
tissue verified that non-muscle cells within the uterus express NALCN (see online suppl. material, Suppl. Fig. S2). However, histology demonstrated that GFP (which marks the Cre-expressing cells) was expressed predominantly in the myometrium (Fig. 3d), indicating that Cre-recombination of Nalcn should not have occurred in the endometrium.
Parturition Defects in smNALCN-/- MiceAlthough Na+ currents have been detected in the myometrium, the role they play in parturition was unknown. To determine whether NALCN is required for normal labor, we 
mated flox control, Cre control, smNALCN+/-, and smNALCN-/- females to wild-type males for two hours and then followed those that had a copulation plug. The transgenic dams were healthy throughout pregnancy and did not display any obvious phenotypes. Beginning on P18, we used a surveillance camera to continuously observe the pregnant mice until delivery.  Both Flox and Cre control mice had ~20% abnormal labors, which can occur in 
the first parity.  However, in comparison, smNALCN-/- and smNALCN+/- dams experienced a higher rate of abnormal labor of 40 and 60%, respectively.  Abnormal labors consisted 
Fig. 2. NALCN expression in the uterus throughout pregnancy and post-partum. a) qRT-PCR of NALCN mRNA in the mouse uterus across pregnancy.  TOP1 and SDHA 
were used as standards for quantification.  No significant differences were observed by Kruskal-Wallis one-way 
ANOVA with Dunn’s correction for multiple comparisons. b) Representative western blot of NALCN protein levels across pregnancy in the mouse uterus.  The membrane protein, 
protein disulfide-isomerase (PDI) served as the loading 
control. c) Quantification of NALCN protein levels in mouse uterine membrane preparations from across pregnancy. NALCN levels were normalized to the Na+/K+-ATPase loading control.  Statistical analysis by the Wilcoxon rank sum test.  d) Western blot of NALCN from uterine membrane preparations from mice matched for term labor and non-
labor, and at post-partum day 1 (PP1). e) Quantification of NALCN levels from western blot in (d).  Statistical analysis 
by Kruskal-Wallis one-way ANOVA with Dunn’s correction for multiple comparisons.  In c and e, mean values and standard deviations are presented.
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Fig. 3. Development of the smNALCN-/- mouse. a) Breeding strategy. b) Representative western blot of NALCN 
in uteri from diestrus flox control and smNALCN-/- mice.  The GFP blot was run separately but from the same samples. 
c) Relative quantification of NALCN protein levels normalized to PDI.  Error bars represent standard deviation. d) 
Bright field image of NP smNALCN-/- 
and flox control uterine cross sections illuminated with 488 nm. Myometrium layer (Myo), endometrium layers (endo), and uterine lumen are labeled.
Fig. 4. Parturition outcomes in smNALCN-/- mice. a) Rates of abnormal vs. normal labor in each genotype. Fisher’s exact test was performed on the number of dams, not the percentages, and the P-value was equal to 0.041. Flox control n = 15, Cre control n = 13, smNALCN+/- n = 10, smNALCN-/- n = 15.  b) Kaplan-Meier curve denoting the time to completion of delivery.  Dams that underwent dysfunctional labor are marked as 
black arrows and were classified as ‘lost to follow-up.’  P-value is 0.068 across all groups. c) Correlation between labor duration and litter size. Pearson correlation P-value is 0.0011. d) Correlation between gestation length and litter size. Pearson correlation P-value is 0.0122.
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of prolongation of labor (labor with one or more pup interval longer than 62 min (> 95th 
percentile), delayed labor (delivery of the first pup occurring later than 495 hours (20.63 days) post-conception (> 95th percentile), or dysfunctional parturition (incomplete delivery of the full litter by P21.75) (Fig. 4a).  We used Kaplan-Meier analysis to assess the duration of pregnancy from P18 until completion of delivery and found that smNALCN-/- mice took 
longer than the controls to deliver, but this difference was not significant (P = 0.068) (Fig. 4b).  A more detailed analysis of parturition in each animal indicated that the average length 
of time from copulation to the time of delivery of the first pup (gestation length) did not 
differ significantly between the four genotypes, nor did the duration in labor (Table 2). Notably, smNALCN+/- and smNALCN-/- dams spent similar lengths of time in labor as flox 
controls, despite having significantly smaller litter sizes (Table 2).  Because litter size is proportional to the labor duration (Fig. 4c), we accounted for differences in litter size by measuring the average time between delivery of each pup (mean pup interval), and found 
this was significantly longer for smNALCN-/- and smNALCN+/- dams than for the flox controls 
(Table 2). Although mean gestation length did not significantly differ between groups, the number of pups per litter negatively correlated with gestation length in smNALCN-/- females, in that smaller litters delivered later (Fig. 4d).  In addition to smaller litters, smNALCN-/- 
dams had larger pups than flox controls (see online suppl. material, Suppl. Fig. S3).  Together, 
these data indicate that NALCN contributes to efficient parturition and normal litter size in mice.
Reduced Uterine Excitability in smNALCN-/- MiceTo determine the mechanism by which NALCN contributes to parturition, we used sharp electrode current clamp to compare myometrial excitability in smNALCN-/- and flox control dams at P19 (Fig. 5a).  We did not detect a difference in burst interval (Fig. 5b), however 
burst duration and the number of spikes/burst were significantly lower in smNALCN-/- 
myometrium than in flox controls (Fig. 5c and d).  Spike density was similar between the smNALCN-/- and the flox controls (Fig. 5e).  Given the sharp electrode data and the high rate of parturition defect, we conclude that NALCN is important for sustaining burst duration in the myometrium and is necessary for successful delivery.
Table 2. Pregnancy and parturition parameters. P-values determined by Kruskal-Wallis one-way ANOVA. * 
P < 0.05, ** P < 0.01 for Dunn’s multiple comparisons test against flox controls. an values are larger for mean gestation length than mean pup interval and mean labor duration because the latter two measures exclude dams that could not deliver more than one pup.  n values are larger for mean litter size because they include 
dams that could not deliver even one pup and those sacrificed at P19 for sharp electrode experiments
 
Measure Flox Control Cre Control smNALCN+/- smNALCN-/- P-value 
Mean Gestation Length, days  SEM (n)a 19.47  0.13 (15) 19.63  0.13 (12) 19.53  0.20 (10) 19.89  0.13 (14) 0.323 
Mean Litter Size, no. pups  SEM (n) 6.9  0.35 (19) 6.4  0.31 (13) 4.9  0.57* (10) 4.6  0.47** (25) 0.003 
Mean Pup Interval, min  SEM (n) 16.4  1.3 (14) 25.6  6.3 (12) 37.8  13.9* (10) 27.6  3.9* (12) 0.030 
Mean Labor Duration, min  SEM (n) 92.0  8.3 (14) 131.0  26.1 (12) 104.0  13.6 (10) 87.8  15.7 (12) 0.610  
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Discussion
Previously, we showed that NALCN is expressed in human myometrial myocytes and contributes to the Na+ leak current in these cells [29].  Here, we present evidence that NALCN is important in uterine physiology during pregnancy and parturition in mice. We report that NALCN expression in the mouse uterus varies across pregnancy and is critical for 
successful labor.  Specifically, smooth-muscle NALCN knockout mice had an increased incidence of abnormal labor and reduced uterine excitability.  Our study 
supports the findings of others that Na+ plays an important role in uterine excitability [17-19] and emphasizes that even subtle changes in ion currents in the myometrium can have a large impact on reproductive success. Although abnormal parturition was reported in a transgenic mouse overexpressing the 
calcium-activated potassium channel KCa2.3, to our knowledge, this is the first report of abnormal labor occurring in an animal lacking a particular ion channel.  Our observation that burst interval in myometrium from wild-type mice inversely correlated with NALCN expression level was consistent with the established ability of 
NALCN to increase spontaneous firing [25-27]. Thus, we anticipated that smNALCN-/- P19 myometrium would have a prolonged burst interval, but this was not the case.  Instead, 
we observed no significant differences in myometrial burst interval or spike density between smNALCN-/- and flox controls. However, we found that smNALCN-/- myometrium 
had shorter burst durations and fewer spikes per burst than flox controls.  Our finding that NALCN contributed to burst duration corroborates other studies showing that NALCN contributes to sustained depolarization and spike trains in interstitial cells of Cajal in mice 
and hermaphrodite-specific neurons in C. elegans [28, 37].  One possible explanation for why NALCN did not appear to regulate burst interval is that NALCN protein was expressed at a low level at P19 before labor; NALCN may contribute more to regulating burst interval in myometrium from stages with higher NALCN expression, such as in labor, at P7, or at P10.  Additionally, multiple ion channels regulate myometrial excitability, many of which are differentially regulated throughout pregnancy, and NALCN current is likely to be affected by changes in the activity of other channels.
Our findings that smNALCN-/- females had a higher rate of abnormal labor, longer pup delivery intervals, and shorter burst durations in the myometrium than controls suggest that 
these mice had insufficient uterine activity to efficiently deliver their pups.  Although none 
of the individual classifications of abnormal labor (delayed, prolonged, or dysfunctional) 
were significantly different between the genotypes studied, the smNALCN-/- females were 
at increased risk of extreme or pathological labor outcomes. Notably, three out of the five mice that experienced dysfunctional labor were able to deliver at least one pup, indicating 
Fig. 5. Myometrial excitability in smNALCN-/- uterus. a) 
Representative membrane potential traces from P19 flox control and smNALCN-/- longitudinal muscle.  b – e) Average burst interval, burst duration, number of spikes per burst, 
and spike density comparison in flox control and smNALCN-/- longitudinal myometrium. Data points represent the respective values from each burst or interval recorded, the lines represent 
the median and interquartile range.  b) Burst interval of flox control n = 38 (5 mice), and smNALCN-/- n = 58 (6 mice). c – e) 
Burst duration, spikes/burst, and spike density of flox control n = 31 (5 mice), and smNALCN-/- n = 51 (8 mice).
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that these dams had undergone cervical ripening but were unable to produce the sustained contractions needed to expel the later offspring.  A more subtle but similar effect of reduced contractility was suggested by the prolonged average pup intervals in smNALCN-/- and smNALCN+/- dams.  Additionally, the greater proportion of smNALCN-/- dams with delayed labor outcomes was likely due, in part, to their smaller litter size.  At this time, we do not know why these mice had smaller litters than the other genotypes. We did not detect blood pressure or vascular abnormalities in smNALCN-/- males, suggesting that the small litter size was not due to vascular changes, but future studies are needed to assess cardiovascular health in pregnant smNALCN-/- females. We also noted a larger average pup weight in the smNALCN-/- mice, which may have occurred because of the slightly longer time in utero and the smaller litter size. Future studies should explore why loss of NALCN leads to reduced litter size.We observed dynamic regulation of uterine NALCN levels throughout pregnancy and into the postpartum period, supporting the notion that NALCN is important for uterine function.  The observed NALCN expression pattern suggests that NALCN protein levels are negatively regulated by progesterone, the master coordinator of pregnancy [39].  NALCN levels increased at labor and into the postpartum period, in a fashion similar to contraction-associated proteins [23].  These proteins shift the uterus from the quiescent non-laboring state characterized by stochastic, asynchronous contractions to the activated laboring state, characterized by synchronous and forceful contractions.  NALCN expression was high in the post-partum uteri, perhaps indicating that NALCN is responsible for the increased uterine tone needed to prevent postpartum hemorrhage and blood loss.  However, smNALCN-/- mice did not exhibit excessive blood loss post-delivery.Our observation that NALCN was expressed at a high level in the uterus in early pregnancy, when the uterus is quiescent and myocytes are electrically uncoupled, leads us to speculate about the function of NALCN at this time. In early pregnancy, uterine myocytes undergo rapid hyperplasia [40], which could require depolarizing currents produced by NALCN [41]. Although we did not observe an obvious defect in uterine hyperplasia in smNALCN-/- mice, compensatory mechanisms could have sustained proliferation.  Another possibility is that NALCN, which functions in osmoregulation [42], acts with the epithelial sodium channel and 
the cystic fibrosis transmembrane conductance regulator channel in the endometrium to 
regulate luminal fluid levels and thereby plays a role in embryo implantation [43].  Indeed, this potential role for NALCN may be why smNALCN-/- dams show reduced litter sizes. Although we did not assess NALCN expression in all uterine compartments, our observation that NALCN knockdown was incomplete in smNALCN-/- mice in conjunction with evidence of its presence in the decidua suggests that NALCN is expressed in the endometrium.  Layer-
specific identification of NALCN expression levels and localization will be prohibitive until immunohistochemistry compatible NALCN antibodies are produced.In summary, our study established a novel role for the Na+ channel NALCN in sustaining 
myometrial burst duration and regulating myometrial excitability and labor efficiency. Future work could lead to the development of therapies to increase NALCN activity, which could be used to treat labor dystocia and thereby help decrease the rate of cesarean sections.
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